Nodular ganglioneuroblastoma is characterized by a macroscopic nodule of neuroblastoma within a ganglioneuromatous component. These two components have been considered to originate from separate clones, with the neuroblastoma clone accounting for the clinical behavior of nodular ganglioneuroblastoma. In order to investigate the clonal origin of the cellular components (neuroblasts, ganglion cells, and Schwann cells) of nodular ganglioneuroblastoma, paraffin-embedded tumor samples from eight cases were analyzed by single nucleotide polymorphism array and in situ hybridization. DNA was extracted separately from neuroblastomatous and ganglioneuromatous areas. By in situ hybridization, MYCN gain (4-10 gene copies/ nucleus) was detected in 7/8 neuroblastoma samples. In ganglioneuromatous regions, gains were also detected in ganglion cells but not in Schwann cells. Single-nucleotide polymorphism array studies identified chromosome losses (11q and 14q) and gains (12, 13q, 17q and 18q) in the neuroblastoma component, whereas the ganglioneuromatous component showed fewer or no genetic alterations. There were no unique copy number changes distinguishing nodular ganglioneuroblastoma from other subtypes of neuroblastoma. By in situ hybridization, ganglion cells but not Schwann cells showed the same alterations detected in neuroblasts. Thus, neuroblasts and ganglion cells in nodular ganglioneuroblastoma are genetically related and may arise from the same clone. In contrast, the Schwann cells have a different origin and may be derived from a nonneoplastic neural crest precursor. Our results suggest that the clinical behavior of nodular ganglioneuroblastoma cannot be explained by the presence of separate clones with distinct genetic signatures.
Neuroblastoma, a malignancy of neural crest cells of the autonomic nervous system, is the most common extracranial solid tumor of childhood. 1 The incidence is B1 in 7000 children, with a median age at presentation of 17 months, 2 and accounts for 15% of cancer-related deaths in childhood. 1, 3 A feature distinguishing neuroblastoma from most other pediatric malignancies is the striking heterogeneity of histology, biology, and clinical behavior. 3, 4 Features associated with a poor outcome include: age 418 months, 2 unfavorable histopathology, 5 amplification of the MYCN oncogene, [6] [7] [8] diploid DNA content, and specific segmental chromosomal aberrations such as loss of heterozygosity at 1p and 11q, gain of 17q. 3, 9 Currently, the pathology of neuroblastoma is graded according to the International Neuroblastoma Pathology Classification [10] [11] [12] that separates histologic subtypes of neuroblastoma into favorable and unfavorable categories. One uncommon subtype is nodular ganglioneuroblastoma, which represents 5-10% of neuroblastic tumors. [12] [13] [14] Nodular ganglioneuroblastoma is a composite tumor, with a predominance of differentiated Schwannian-type stroma associated with one or more macroscopically visible nodules of neuroblastoma showing neuropil formation but lacking this Schwannian stroma (referred to as 'stroma-poor'). Less common variants without visible nodules have more recently been included under the category of nodular ganglioneuroblastoma. 15, 16 In the original version of this classification system, this subtype was categorized with the unfavorable histology group, and those patients had a 46.8% event-free survival and 59.1% overall survival. 12 More recently, it was shown that nodular ganglioneuroblastoma can be subcategorized as favorable or unfavorable according to the histopathology of the stroma-poor component, using the same criteria as for other stroma-poor neuroblastomas. 15, 16 By this system, unfavorable tumors outnumber favorable ones B2:1, with an event-free survival of 29-32% for unfavorable nodular ganglioneuroblastoma compared with 86% for favorable, and overall survival of 33-40% and 90-95%, respectively. 15, 16 Subsequent studies have confirmed these clinical differences. 13, [17] [18] [19] Neuroblastoma is characterized by multiple chromosomal abnormalities (reviewed in refs 1,3), but whether these are shared by the nodular ganglioneuroblastoma subtype is not known. Genome-wide approaches such as array comparative genomic hybridization [20] [21] [22] [23] [24] [25] and single-nucleotide polymorphism arrays 26, 27 have been used to identify whole chromosome and segmental gains and losses in neuroblastoma; however, only two studies specifically mentioned the inclusion of ganglioneuroblastoma samples 28, 29 and results were inconsistent. The neuroblastoma component is thought to have a clonal origin distinct from the ganglioneuromatous part of the tumor. 11, 16 However, there is only one report in which the neuroblastic and ganglioneuromatous components were compared by array comparative genomic hybridization. 30 In this study of six tumors, variable copy number alterations were detected in the neuroblastic component but not in the stroma-rich component, supporting the concept that these two components might be genetically distinct. To examine this issue further and specifically compare the genetic changes in the neuroblasts, ganglion, and Schwann cells, we used a combined approach of single-nucleotide polymorphism array and in situ hybridization. The goal of our study was to determine whether the different cellular components of nodular ganglioneuroblastoma have distinct chromosomal alterations and identify changes potentially specific to nodular ganglioneuroblastoma.
Materials and methods

Study Group
Between 1987 and 2008, there were eight patients diagnosed with nodular ganglioneuroblastoma at the Hospital for Sick Children, Toronto, Ontario, for which tumor tissue was available (Table 1 ). An additional 18 cases were identified but rejected for one of the following reasons: (1) insufficient tissue was available for the studies; (2) the diagnosis was based solely on a post-treatment histology and chemotherapy can alter the original histologic appearance to resemble nodular ganglioneuroblastoma; (3) review of the pathology failed to confirm the subtype of nodular ganglioneuroblastoma. The eight cases included six males and two females, ranging in age from 8 months to 7 years. The sites included adrenal gland, posterior mediastinum, and abdomen. Using International Neuroblastoma Risk Group criteria, six patients were categorized as low risk (one stage 1 and five stage 2) and two patients were high risk (both stage 4). Using the histologic grading system of the International Neuroblastoma Pathology Committee, 15, 16 four cases were categorized as favorable and four cases as unfavorable. Seven of eight patients had at least 4 years of followup. Two patients died of disease, one of which had stage 4 disease at diagnosis and the other was stage 2 at diagnosis but relapsed with distant metastatic disease. Paraffin-embedded tissue was available for all eight cases. Six samples were from the time of diagnosis and two were post-chemotherapy resection samples (the specimens at time of diagnosis were similar in histology to the postchemotherapy samples but the blocks were not available.) In addition to primary tumor tissue, two cases also had lymph node metastases of stromapoor neuroblastoma available for study.
In Situ Hybridization MYCN copy number was assessed both by chromogenic in situ hybridization 31 
Single-Nucleotide Polymorphism Arrays
DNA was extracted separately from neuroblastomatous and ganglioneuromatous areas of the tumors using histology from a stained section of the block as a guide. The cells in the neuroblastomatous areas were 70-95% neuroblasts, while the ganglioneuromatous areas included 5-40% ganglionic cells with Schwann cells comprising almost all of the remaining cells. For paraffin blocks, a core from each area was removed. Formalin-fixed paraffinembedded tissue was dewaxed in xylene and rehydrated in a series of ethanol washes. Tissue was then placed in proteinase K buffer overnight at 37 1C, and DNA was then extracted using phenolchloroform, air dried, and reconstituted in water.
A minimum of 750 ng of DNA per sample were hybridized to the Affymetrix Human 6.0 singlenucleotide polymorphism arrays, at The Centre for Applied Genomics at The Hospital for Sick Children. The Affymetrix 6.0 single-nucleotide polymorphism array includes 4906 600 single-nucleotide polymorphisms and 4946 000 probes for the detection of copy number variation. DNA was digested with NspI and StyI restriction enzymes, ligated to adaptors followed by a polymerase chain reaction using primers that recognize the adaptor. PCR conditions were optimized to preferentially amplify fragments in the 200 to 1100 bp size range. Two extra PCR cycles were done for the paraffin-embedded samples. The amplified DNA was then labeled and hybridized to a Genome-Wide Human single-nucleotide polymorphism 6.0 Array. The single-nucleotide polymorphism array data from paired samples (neuroblastoma and ganglioneuromatous components) were analyzed and integrated using the Partek Genomic Suite Software (Partek, St Louis, MO, USA). The normal reference used was the Human HapMap data set (hapmap.ncbi.nlm. nih.gov), which is derived from 270 individuals of different ethnic origins. Following the manufacturer's recommendations for copy number analysis, the minimum number of adjacent genomic markers on the array with a copy number change that would be viewed as a valid change was set at 10 (genomic segmentation parameter). Fragment lengths were restricted to o700 bp for the formalin-fixed paraffin-embedded samples, as previously recommended. 32 Results
MYCN Copy Number Gain in Neuroblasts and Ganglion Cells from Nodular Ganglioneuroblastoma
MYCN oncogene copy number was assessed separately in neuroblasts from stroma-poor areas, ganglion cells from ganglioneuromatous areas, and Schwann cells from ganglioneuromatous areas. At least 200 nuclei were scored. Regions of neuroblastoma were 470% neuroblasts. Ganglioneuromatous areas were a mixture of Schwann cells and ganglionic cells. In chromogenic in situ hybridization sections, cell types were easily identified by light microscopy. For fluorescent in situ hybridization, immediately adjacent sections stained with hematoxylin and eosin were compared with aid in identification of cell type. In ganglioneuromatous areas, ganglionic cells had larger nuceli than Schwann cells and could readily be identified by DAPI nuclear staining. Results for chromogenic in situ hybridization and fluorescent in situ hybridization were comparable, indicating that identification of cell type in fluorescent in situ hybridization sections was reliable. MYCN copy number at the single neuroblast cell level was variable both within a given sample and between different samples from the same patient ( Table 2) . Some of this variation may be related to sectioning of nuclei, but differences were also seen between tumor samples, as a reflection of tumor heterogeneity. To determine whether MYCN copy number increase was related to extra copies of chromosome 2, a centromere probe for chromosome 2 was used. Seven of eight cases (all but case 6) showed 4-10 copies of MYCN, but up to 12 copies were noted in one neuroblast in case 3 ( Figure 1a ). Cases 1-5 had increased copies of chromosome 2; cases 6, 7, and 8 had a normal copy number for chromosome 2. Comparing the number of MYCN signals and centromere 2 signals, all cases were scored as MYCN-gained and none as MYCN amplified. 33 The proportion of neuroblasts with MYCN gain varied from case to case, ranging from 10% (case 6) up to 61% (case 3) with the remainder in the 22-48% range. Four of the cases with MYCN gain also showed gain in ganglion cells (cases 2, 4, 5, and 8) with up to 17 copies in 1 ganglion cell in case 4 and 10-15 copies in 40% ganglion cells in case 8 (Figure 1b) , whereas the neuroblastoma component showed up to 5 copies of MYCN per neuroblast. Two other cases (1 and 6) showed normal copy number in ganglion cells and for the other two cases (3 and 7) hybridization was unsuccessful. Only 2 of 6 cases (2 and 5) showed increased copies of chromosome 2 in the ganglion cells. Schwann cells consistently had two copies of MYCN and two copies of chromosome 2.
Single-Nucleotide Polymorphism Array Analysis Comparing Neuroblastoma and Ganglioneuromatous Regions of Nodular Ganglioneuroblastoma
There were many small regions of gain and loss that differed among cases. Although these may represent regions of importance in nodular ganglioneuroblastoma, these alterations could not readily be distinguished from background noise and, for the purposes of this study, regions scored as a definite gain or loss required a minimum size of 100 Mb and detection in 41 sample. Following this approach, the neuroblastoma component of the eight cases showed gains and losses over the genome, which are summarized in Figure 2 and Table 3 . The two metastatic lesions were very similar to the neuroblastoma component of their primary tumors. Changes in individual tumors varied from 1 to 25 copy number alterations. The tumors with 410 copy number alterations included three with unfavorable histology and two with favorable, while tumors with o5 copy number alterations included one with unfavorable histology and one with favorable. The most consistent alterations were gains at chromosome 1q (4/8 cases), 2p (3/8 cases), 7p (4/8 cases), 7q (6/8 cases), 12q (5/8 cases), 13q (5/8 cases), 17q (7/8 cases), and 18q (4/8 cases), and losses at chromosome 11q (5/8 cases) and 14q (5/8 cases). There was no correlation between the copy number alteration and histology (favorable vs unfavorable), or with patient stage, risk category, or outcome.
The results from the ganglioneuromatous components of each case are summarized in Figure 3 . In contrast to the neuroblastomatous component, fewer copy number alterations were detected in the ganglioneuromatous component, ranging from 0 to 3, except for case 5 that showed 7. In general, a copy number alteration identified in the ganglioneuromatous component was also detected in the Table 3 . The locations of the fluorescent in situ hybridization probes used in the study are marked with a purple bar on the respective chromosomes.
Modern Pathology (2015) 28, 166-176 neuroblastoma component from the same tumor, although for some tumors the neuroblastomatous component showed additional alternations not detected in the ganglioneuromatous component. The one exception was case 5 in which gains at 2p and 19p, and losses at 5p and 10q, were found in the ganglioneuromatous component but not in the neuroblastomatous component.
Fluorescent In Situ Hybridization Validation of Single-Nucleotide Polymorphism Array Results at the Cellular Level
As gains may be underestimated and losses overestimated in our analysis based on paraffinembedded tissue, fluorescent in situ hybridization was performed to confirm the single-nucleotide polymorphism array results, and to determine which cell types showed the genetic changes that were detected. Fluorescent in situ hybridization was performed for chromosome regions 11q, 13q, 17q, and 18q. All the neuroblastic samples with abnormalities in these chromosomes detected by single-nucleotide polymorphism array showed the same changes by fluorescent in situ hybridization (Figure 4a ). Of note, fluorescent in situ hybridization identified changes that were missed by singlenucleotide polymorphism array analysis, including gains at 13q (two cases), 17q (one case) and 18q (two cases), and loss at 11q (1 case). Thus, chromosome 13q gain was detected in seven/eight cases, chromosome 17q gain in eight/eight cases, chromosome 18 gain in six/eight cases and chromosome 11q loss in five/eight cases. Fluorescent in situ hybridization results for the ganglioneuromatous component were scored separately for ganglion cells and Schwann cells (Figure 4b ). Hybridization studies for the ganglioneuromatous portion of case 7 failed; for the other seven cases, studies were successful. In contrast, single-nucleotide polymorphism array results were only successful for the ganglioneuromatous component in four cases, due to limited material. All changes detected in ganglion cells were also found in the neuroblastoma cells for the same case. Gains were detected in Case  1NB  2NB  3NB  3MET  3GN  4NB  4MET  4GN  5NB  5GN  6NB  7NB  8NB 8GN Table 3 . Non-nodular ganglioneuroblastoma cases of neuroblastoma were studied to determine whether gain of 13q and 18q was specific for the nodular ganglioneuroblastoma subtype. Only non-MYCN-amplified tumors were included, as the nodular ganglioneuroblastoma cases in our series were not amplified, which is in keeping with previous reports. 13 
Discussion
Neuroblastoma is characterized by multiple chromosomal gains and losses (reviewed in refs 1,3), but whether these are detected specifically in the rare subtype of nodular ganglioneuroblastoma is not well known. It has been hypothesized that the neuroblastoma and ganglioneuromatous components are separate clones. 11, 16 The ganglioneuromatous component is proposed to be a biologically less aggressive clone, whereas the neuroblastoma component is proposed to be clone that determines the clinical behavior of the tumor. The current system of deriving the histologic prognosis in nodular ganglioneuroblastoma based on the neuroblastoma component alone 15, 16 reflects acceptance of the existence of separate clones in nodular ganglioneuroblastoma. However, there are few genetic data to support this concept. The main purpose of our study was to investigate whether there are distinct copy number changes to support separate clonal origins for the neuroblastoma and ganglioneuromatous components, One study reporting a genetic difference between the neuroblastoma and ganglioneuromatous components demonstrated MYCN gene amplification in the ganglioneuromatous component of one tumor but not in the neuroblastoma component. 34 The analysis was done by Southern blotting that pools DNA and it is not possible to know what proportion of cells in the pool are actually tumor cells. Moreover, a pretreatment biopsy in the same patient identified MYCN amplification in the neuroblastoma component. In general, for neuroblastoma, 410 copies of the MYCN gene is a poor prognostic indicator that occurs in B20% of neuroblastoma tumors but more commonly (B40%) in high-stage tumors (stage 3 and 4) and uncommonly (5-10%) in low-stage tumors (stage 1, 2, or 4S) . 3, 6, 8, 35, 36 In contrast, MYCN amplification is uncommon in nodular ganglioneuroblastoma regardless of outcome, occurring in only about 2% of cases. 13, 19, 37 Given that nodular ganglioneuroblastoma is a heterogeneous tumor by definition, we first asked whether MYCN amplification could have been underestimated in previous studies, in which cases were analyzed by techniques based on pooled extracted DNA such as Southern blotting or PCR, or by fluorescent in situ hybridization, in either case not taking into account the Schwann cell component of nodular ganglioneuroblastoma. Thus, we determined MYCN copy number in individual cells, assessing neuroblasts, ganglion cells, and Schwann cells separately. No cases in our study showed MYCN amplification; however, we frequently detected MYCN gain in the neuroblastomatous component as well as in the ganglion cells of the ganglioneuromatous component, but not the Schwann cells. In the majority of cases, MYCN gain was due to increased copies of chromosome 2. There were two cases in which the MYCN copy number was higher in some (o5%) ganglion cells than in neuroblasts. This basis for this finding is unclear, but we speculate this might result from failure of double minute chromosomes (containg MYCN) to divide evenly during mitosis, leading to accumulation in a subset of ganglion cells, which then no longer divide.
Many different regions of gain and loss have been reported in neuroblastoma, but nodular ganglioneuroblastoma has been infrequently studied and specific changes have not been identified. 28, 30 We next examined other regions of the genome for gains and losses using single-nucleotide polymorphism arrays to identify copy number alterations that might be specific to the nodular ganglioneuroblastoma subtype. One potential limitation of our study was that two of the eight cases were post chemotherapy, and chemotherapy might introduce additional genetic changes. However, no gains or losses were seen in these two cases that were not also seen in at least one case that had not been exposed to chemotherapy, and it was therefore felt reasonable to include these two cases.
The neuroblastomatous (stroma-poor) component showed losses at 11q and 14q, and gains at 1q, 2p, 7p, 7q, 12q, 13q, 17q, and 18q, many of which have been reported previously in neuroblastoma. Loss of 11q and 14q, and gain of 17q are well-established poor prognostic indicators in neuroblastoma (reviewed in ref.
3). Other copy number alterations detected in our study have not commonly been identified as 'regions of interest' in neuroblastoma, such as gains at 13q and 18q. Thus, we asked whether either of these chromosomal regions might provide a genomic signature change specific to nodular ganglioneuroblastoma; however, we detected similar gains in the majority of non-nodular ganglioneuroblastoma cases that we tested. Moreover, these regions of gain have also been reported in other array studies on neuroblastoma. 23, 24, [28] [29] [30] 38 Thus, although our results suggest there may be a genetic profile characteristic of nodular ganglioneuroblastoma, it would not appear to distinguish this subtype of neuroblastoma from others. In our series, there was no correlation between the total number of copy number alterations or specific gains and losses and histologic prognostic categories (favorable vs unfavorable) or patient outcome. It is possible that smaller copy number alterations might be significant clinically, but such changes would be beyond the technical limitations of our study that was based on formalin-fixed paraffin-embedded samples.
One unique aspect of our study was the ability to separately analyze the genomic pattern separately for the neuroblastomatous (stroma-poor) and ganglioneuromatous components of nodular ganglioneuroblastoma. The ganglioneuromatous component of nodular ganglioneuroblastoma generally showed far fewer gains and losses by single-nucleotide polymorphism arrays than those detected in the neuroblastoma component. No case showed all of the same changes as the neuroblastoma component and two showed no copy alterations. At first, these results might suggest that the ganglioneuromatous and neuroblastomatous components of nodular ganglioneuroblastoma are genetically distinct, providing support for the concept that they are separate clones; however, fluorescent in situ hybridization studies established that the same gains and losses were present in the ganglion cells in the ganglioneuromatous component, whereas the Schwann cells were always normal (diploid) for these regions. As the majority of the cells in the ganglioneuromatous component are Schwann cells, the gains and losses in ganglion cells would be diluted out in the pooled DNA used for single-nucleotide polymorphism array, accounting for why so few genetic changes were found in our study in ganglioneuromatous component. The same effect is more evident in the copy number studies for MYCN. By single-nucleotide polymorphism array, only two cases show a gain at 2p24, whereas all cases showed a gain of MYCN by fluorescent in situ hybridization. In the ganglioneuromatous component, some ganglion cells showed a gain by fluorescent in situ hybridization as well, but no tumor showed a gain of chromosome 2p24 on single-nucleotide polymorphism array. The gain of MYCN was seen only in a subset of neuroblasts (generally 20-30%) and occcasional ganglion cells, and these cells were diluted out by the cells without MYCN gain, and not detected by single-nucleotide polymorphism array. This dilutional effect has received little attention in previous studies. Our findings underscore the need to perform fluorescent in situ hybridization studies in addition to array studies, otherwise specific regions of gain or loss may be missed.
Our finding that the Schwann cells were always diploid by fluorescent in situ hybridization indicates these cells have a different origin from the neuroblastoma and ganglion cells, and likely lack malignant potential. Our results give support to the view that the Schwann cells in neuroblastoma are reactive cells rather than neoplastic, a concept that is controversial and supported by some reports [39] [40] [41] but refuted by others. 30, [42] [43] [44] Results interpreted as supporting this concept are based on the detection of one or more genetic abnormalities in neuroblasts, whereas Schwann cells from the same tumor are normal for the same genetic region(s). Other studies have refuted this idea by demonstrating genetic abnormalities that are interpreted to reside in Schwann cells, concluding these cells are neoplastic. However, these studies have generally been based on extracted DNA from ganglioneuromatous regions of neuroblastoma. 30, [42] [43] [44] We have shown in our study that the ganglioneuromatous component of nodular ganglioneuroblastoma contains ganglion cells that share the same genetic abnormalities as neuroblasts and such abnormalities can sometimes be detected on arrays and do not necessarily imply the changes are present within Schwann cells. In fact, when fluorescent in situ hybridization was then performed in one of these studies, 44 no abnormalities were detected in Schwann cells.
The combined results of single-nucleotide polymorphism array and fluorescent in situ hybridization, applied separately to the neuroblastomatous and ganglioneuromatous components, lead us to the conclude that in the case of nodular ganglioneuroblastoma, the ganglion cells and neuroblastoma cells share genetic changes, and therefore may be clonally related. This conclusion would appear to be in conflict with the concept that the ganglioneuromatous and neuroblastomatous components of nodular ganglioneuroblastoma are derived from separate clones, with the neuroblastoma clone the one that determines the biology of the tumour, and therefore the component that is used for histologic prognostic grading. 11, 16 It may be more appropriate to regard the neuroblastoma component as representative of the biology of the entire tumor, but with specific histologic findings that can be graded in a meaningful prognostic way, whereas the ganglioneuromatous component cannot be. It is still possible that neuroblasts and ganglion cells in nodular ganglioneuroblastoma represent subclones, differing from each other at a genetic level that was beyond the limits used in this study. For example, case 5 showed gains and losses in the ganglioneuromatous component that were not detected in the neuroblastomatous component. Whether these are true clonal differences or variations introduced by the use of formalin-fixed material is not clear. Even though neuroblasts and ganglion cells share the same signal changes by fluorescent in situ hybridization, this could still indicate different changes in terms of the amount of genetic material gained or lost. Such additional genetic changes could determine distinct biological properties of these cells. Our results do not provide insight into whether the ganglionic cells in nodular ganglioneuroblastoma are derived from neuroblasts or whether neuroblasts in nodular ganglioneuroblastoma might be derived from dedifferentiated ganglion cells, only that these two cell types appear to be clonally related. Moreover, our study is limited by the small number of samples studied, a reflection of the rarity of this neuroblastoma subtype. As such, our results should be considered as preliminary in nature and needing verification by the study of additional cases. Further studies comparing the cell types in both cases with favorable and unfavorable outcomes may identify critical genetic changes that explain the biology of nodular ganglioneuroblastoma.
